form. Optically active monosaccharides commonly include two typical subgroups, hexoses and pentoses. Following the Rosanoff convention, the letters D or L at the beginning of the name indicate the absolute configuration of the chiral carbon most remote from the carbonyl group; the Dand L-isomers constitute a pair of enantiomers. In order to unambiguously identify monosaccharides in analyzed samples, their isomeric forms have to be clearly identified. A variety of modern chromatographic techniques have been applied in the analysis of carbohydrates. Gas chromatography (GC) of either trimethylsilyl ethers or alditol acetates was commonly used for the identification of monosaccharide constituents before the 1990s [1] [2] [3] . Methods of high-performance capillary electrophoresis (HPCE) were employed for the separation of aldose enantiomers involving derivatization by reductive amination or condensation with 1-phenyl-3-methyl-5-pyrazolone (PMP) [4] [5] [6] [7] [8] . In the past decade, high-performance liquid chromatography (HPLC) methods
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In natural product chemistry, it is often crucial to determine sugar composition as well as the absolute configuration of each monosaccharide in glycosides. An ultra-performance liquid chromatography method using both photodiode array (PDA) and mass spectrometry detectors (UPLC-UV/MS) was developed for qualitative analysis of the absolute configuration of monosaccharide enantiomers. Within a single injection, 16 monosaccharide derivatives including 6 pairs of aldose enan-
and D/L-fucose) and 4 other monosaccharides (L-rhamnose, 2-deoxy-D-glucose, 6-deoxy-D-glucose, and 2-deoxy-D-glalactose) were identified in less than 25 minutes. It was found that the structures of derivatives of sugar enantiomers correlated with retention time. Among derivatives of sugar enantiomers in the current study, the stereoisomer of R-configuration at C-3′ retained longer than the corresponding S-configuration isomer. The UPLC-MS method can increase sensitivity of detection of the saccharides by more than 10 times compared to previously reported methods. The one-pot reaction of monosaccharide with L-cysteine methyl ester and phenyl isothiocyanate is easily reproduced, clean, and relatively simple in a screwcapped reaction vial. The developed method was successfully applied for the analysis of different types of glycosides, viz., glycosides of triterpenes, steroids, and flavonoids, that commonly exist in nature. The absolute configurations of composed monosaccharides are clearly characterized from tested samples.
Simultaneous Determination of the Absolute Configuration of Twelve Monosaccharide Enantiomers from Natural Products in a Single Injection by a UPLC-UV/MS Method were developed to analyze both derivatized and underivatized carbohydrates [9, 10] . In order to determine the absolute configuration of monosaccharides, two strategies have been successfully adopted. One uses a column with a chiral stationary phase for the separation of enantiomers [10] ; on the other hand, some methods identified the enantiomers based on their corresponding diastereomeric derivatives converted from the enantiomers [9] . The second strategy is frequently used because it has been used to separate and identify the derivatives of enantiomers, as well as enhance the detection limits after addition of either fluorescence or UV tags in the derivatives to overcome the limitation of the low UV absorption of monosaccharides. The main purpose of the present investigation was to develop a method which could be used to rapidly characterize monosaccharides in glycosides isolated from a natural source. An ultraperformance liquid chromatography and a mass spectrometric (UPLC-UV/MS) method was developed to separate and characterize derivatives of 16 monosaccharides including six pairs of enantiomers and four other monosaccharides in a single injection. The method was successfully applied to characterize the absolute configurations of sugar units from natural products that included different types of glycosides, viz., glycosides of triterpenes, steroids, and flavonoids.
Materials and Methods
!
Instrumentation and chromatographic conditions for UPLC-UV/MS analysis
All analyses were performed on a Waters Acquity UPLC™ system (Waters Corp.) that included a binary solvent manager, sample manager, heated column compartment, photodiode array (PDA) detector, and a single quadrupole detector (SQD). The instrument was controlled by Waters Empower 2 software. An Acquity UPLC™ BEH C18 column (100 mm × 2.1 mm I. D., 1.7 µm) also from Waters, was used. The column and sample temperatures were maintained at 35°C and 25°C, respectively. The eluent consisted of water with 0.05 % formic acid (A) and acetonitrile/methanol/isopropanol (50 : 25 : 25, v/v) with 0.05 % formic acid (B). Analysis was performed using the following gradient elution at a flow rate of 0.30 mL/min: 14% B to 16.5 % B in 22 min, and increasing B to 100% B in next 0.5 min. The composition of mobile phase was changed linearly. The analysis was followed by a 2.5-min washing procedure with 100% B and re-equilibration period of 3.5 min. All solutions were filtered through 0.20-µm membrane filters, and the injection volume was 2 µL. The total run time for analysis was 23 minutes. The PDA detection wavelength was 254 nm. The ESI source was used in the positive mode. Mass spectrometer conditions were optimized to obtain maximal sensitivity. The source and desolvation gas temperatures were maintained at 150 and 350°C, respectively. The probe voltage (capillary voltage), cone voltage, and extractor voltage were fixed at 3.0 kV, 45 V, and 3.0 V, respectively. Nitrogen was used as the desolvation gas (650 L/h) and drying gas (25 L/h). Analyte identity was confirmed in selected ion recording (SIR) mode. Mass spectra were obtained at a dwell time of 0.1 s in SIR and 500 Da/sec of the scan rate.
Chemicals and samples
-deoxy-D-glucose, and 2-deoxy-D-galactose, as well as flavonoid glycoside rutin were purchased from Sigma. The purity of monosaccharide standards was labeled in the range 97-99 %. Triterpene glycosides cauloside G and ciwujianoside A1, and steroid glycosides 20-hydroxyecdysone-3-O-β-D-glucopyranoside and 20-hydroxy-(25-acetyl)-ecdysone-3-O-β-D-glucopyranoside were isolated from Blue cohosh (Caulophyllum thalictroides) [11] and Sida rhombifolia L. [12] , respectively, at the National Center for Natural Products Research, University of Mississippi, MS, USA. Acetonitrile, methanol, isopropanol, water, hydrogen chloride, and formic acid are HPLC grade and were purchased from Fisher Scientific. Phenyl isothiocyanate, L-cysteine methyl ester, ammonium hydroxide, and pyridine were purchased from Sigma.
Sample preparation
Hydrolysis of triterpene glycosides: About 1 mg of glycoside sample, such as cauloside G or ciwujianoside A1 was dissolved in 200 µL of 2 M HCl and heated at 90°C for 2 hrs. After hydrolysis, the reaction mixture was neutralized with 200 µL of 9 M NH 4 OH, and dried with high purity N 2 gas. Derivatization of the samples: About 1 mg of each monosaccharide or sample was dissolved in 120 µL of a solution of L-cysteine methyl ester (0.3 mmol/mL) and pyridine. After mixing thoroughly, the reaction mixture was incubated at 90°C for 1 hr. 160 µL of reagent consisting of phenyl isothiocyanate (0.69 mmol/mL) and pyridine was added, and the solution was heated for another hour. The final solution was further diluted 20-200 times before UPLC-MS analysis.
Results and Discussion
!
The derivatization of monosaccharides followed the method reported by Tanaka et al. [9] , in which enantiomeric aldoses were converted to diastereomeric arylthiocarbamate derivatives. In the reaction, monosaccharide samples combined with L-cysteine methyl ester during the first step and formed thiazolidine derivatives. When heated in pyridine, the intermediate reacted with phenyl isothiocyanates to yield the final products. The arylthiocarbamate derivatives were reported to be unstable at room temperature; however, the reaction mixture kept in a − 20°C refrigerator was found to be stable for up to eight months with a no change observed effect on the composition of the sugar derivatives. Arylisothiocyanates contain a phenyl group that provides an excellent chromophore for UV detection after conjugation with monosaccharides. The chiral center of L-cysteine was introduced into the derivatives of monosaccharide enantiomers, to improve the separation of diastereomeric derivatives. l " Fig. 1 In a preliminary test for the separation of sugar enantiomers, sugar derivatives were analyzed on several different 1.7 µm UPLC columns in order to optimize the separation. The columns tested were Acquity UPLC BEH C18 (50 mm × 2.1 mm I. D., 1.7 µm), BEH Shield RP18 (50 mm × 2.1 mm I. D., 1.7 µm), BEH C18 (100 mm × 2.1 mm I. D., 1.7 µm), and BEH Shield RP18 (100 mm × 2.1 mm I. D., 1.7 µm). The best separation and peak shape was achieved using a 100 mm × 2.1 mm BEH C18 column. Different gradient systems including acetonitrile/water, methanol/water, methanol/acetonitrile/water, and methanol/isopropanol/acetonitrile/ water were investigated to determine the best separation conditions for the analysis of the 16 monosaccharide derivatives. Optimal chromatographic conditions were observed with methanol/ isopropanol/acetonitrile (25 : 25 : 50, v/v/v) and 0.05 % formic acid and water containing 0.05 % formic acid as the mobile phase. Formic acid was used as a modifier because it improved peak shapes and separation, as well as enhanced the sensitivity of the mass spectrometer when operated in the positive ion mode. The chromatograms of 16 monosaccharide derivatives are shown in l " Fig. 2 , and the results of the analysis of each monosaccharide derivative are listed in l " Table 1 . In a single injection, 16 monosaccharide derivatives could be identified within 23 minutes, though L-allose and 2-deoxy-D-glucose, and D-glucose and L-xylose coeluted, respectively. Coeluting derivatives could be distinguished by selected ion chromatograms (SIR) at m/z 455, 439, and 425 Daltons. Less than 50 ng of monosaccharide derivatives could be easily identified on the column. The sensitivity of identification on the column was more than 12-30 times better than data reported in the literature [3, 9] . For the analyzed monosaccharides, three subgroups were classified as pentose, hexose, and deoxy hexose, which produced ions at m/z 425, 455, and 439, respectively. The observed fragment ions for each subgroup are summarized in l " Table 1 .
While investigating the D-or L-absolute configurations of the original sugar species with respect to the retention times (t R ) on the C18 column, there appeared to be no correlation with D-and L-configurations of these sugars. The derivatives of D-enantiomers were retained longer on the column than the corresponding L-enantiomers in the case of glucose, xylose, allose, and arabinose; while in the case of galactose and fucose, the L-enantiomers were eluted later than the D-enantiomers. However, when the retention times and the structures of the products were examined in detail, it became apparent that the absolute configuration at the C-3′ position had a significant influence on the elution order. In current data sets, a sugar derivative with an R-configuration at C-3′ had a longer retention time than the S-configuration diastereoisomers. The analytical method was employed to determine the absolute configurations of the sugar component of the glycosides of triterpenes, steroids, and flavonoids. For saponin glycosides cauloside G and ciwujianoside A1, which were isolated from Blue cohosh (Caulophyllum thalictroides), the sugar moiety was determined to be composed of 3 mol of glucose, 1 mol of arabinose, and 1 mol of rhamnose in 1 mol of cauloside G or ciwujianoside A1 which was reported from previous studies [11] . The hydrolysate of the saponin glycosides was treated as described in the experiment section and checked by UPLC-MS. From the chromatograms and mass spectra of derivatives of cauloside G and ciwujianoside A1, respectively, glucose, arabinose and rhamnose were easily identified. By comparison of retention time values and mass spectra of each sample with that of standard compounds, the absolute configurations were determined to be D-for glucose, and Lfor arabinose and rhamnose, respectively. The developed method was also successfully applied for flavonoid and steroid glycosides analysis, respectively. From Sida steroid glycosides 20-hydroxyecdysone-3-O-β-D-glucopyranoside and 20-hydroxy-(25-acetyl)-ecdysone-3-O-β-D-glucopyranoside, the absolute configuration of glucose was identified as D-form that agreed with reported data [12] ; in the flavonoid glycoside rutin, the absolute configurations of the sugar component were characterized to be D-glucose and L-rhamnose, respectively. The proposed UPLC-UV/MS method can be used for the characterization of 6 pairs of aldose enantiomers and 4 other monosaccharides in a single run within 23 minutes. To the best of our knowledge, it is the first method combining UPLC and MS techniques to deal with separation of multi-aldose enantiomers in a single injection. In this study, it was found that the structures of derivatives of sugar enantiomers and their retention times were correlated. The absolute configuration at C-3′ had a significant influence on the elution order of diastereoisomers. The developed method is fast and sensitive. It is useful for determination of the sugar configuration of glycosides in natural product chemistry and for qualification of dietary products that are used for substitution of sugars. In our ongoing studies, the determination of absolute configuration, qualitative and quantitative analysis of monosaccharides, as well as analysis of other types of monosaccharides including uronic acids and aminosugars from natural products is in process of investigation. 
